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Abstract

Mitogen-activated protein kinases (MAPKS), including c-Jun N-terminal kinase (JNK), play
important role in the regulation of pro-inflammatory cytokine secretion and signaling cascades.
Therefore, INKSs are key targets for the treatment of cytokine/JNK-driven diseases. Herein, we
developed electrospray poly(lactic-co-glycolic acid) (PLGA) microparticles doped with novel INK
inhibitor 11 H-indeno[1,2-b]quinoxalin-11-one oxime (1Q-1). Optimized electrospray parameters
allowed us to produce 1Q-1-doped microparticles with round shape, smooth and non-porous
surface, and mean diameter of 0.9-1.3 um. We have shown that 1Q-1 was well integrated into the
polymer matrix and had a prolonged release in two steps via non-Fickian release. The fabricated
particles doped with 1Q-1 exhibited anti-inflammatory effects, as indicated by inhibited neutrophil
activation and cytokine secretion by human monocytic MonoMac-6 cells. Overall, our study
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demonstrates that PLGA microparticles doped with a novel JNK inhibitor (IQ-1) could be a
promising delivery system for treatment of INK-mediated diseases.
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1. Introduction

Mitogen-activated protein kinases (MAPKS), including p38 MAPK, extracellular signal-
regulated kinase, and c-Jun N-terminal kinase (JNK) have become attractive therapeutic
targets, since JNKs are involved in apoptosis, necrosis, inflammation [1,2], and ischemia/
reperfusion injury [3]. Indeed, JNKs play important roles in the pathogenesis of numerous
diseases including insulin resistance [4], cancer [5], Alzheimer’s and Parkinson’s diseases
[6], and rheumatoid arthritis (RA) [7]. In particular, INKs regulate pro-inflammatory
cytokine secretion and signaling cascades that lead to joint inflammation and destruction,
heart failure, ischemia-induced myocardial dysfunction, development of insulin resistance,
and airway smooth muscle dysfunction [8,9]. Therefore, INK inhibition has a significant
therapeutic potential for treatment of cytokine/JNK-driven diseases. For example, it has been
shown in a mouse antigen-induced arthritis model that inhibition of INK-1 reduces
infiltration of inflammatory cells and joint damage [7].

Recently, we found that the JNK inhibitor 1Q-1S (11A-indeno[1,2-4] quinoxalin-11-one
oxime sodium salt), shown on Fig. 1, significantly diminished the clinical severity of CIA
and inhibited cartilage and bone destruction in a mouse collagen-induced arthritis (CIA)
model, demonstrating its therapeutic potential in the treatment of RA [10]. Additionally,
IQ-1S was shown to have neuroprotective properties in mouse models of cerebral
reperfusion [11] and in a model of global cerebral ischemia in rats [12]. The corresponding
oxime of 1Q-1S, 1Q-1 (11A-indeno[1,2-b]quinoxalin-11-one oxime) was found to have
pronounced anti-inflammatory effects in human monocytic cell lines [13,14]. 1Q-1 can
easily be synthesized and purified and has high selectivity against INKs (K4 for JINK1-3 are
0.24, 0.36, and 0.10 pM, respectively). On the other hand, its poor water solubility may
negatively affect further clinical application.

Solubility issues can be addressed by encapsulation of 1Q-1 into biodegradable polymer
nano- or micro-carriers that can be further delivered into inflammatory sites to release the
compound in a controlled manner. Various techniques for manufacturing drug-doped
particles are reported to date, including emulsion and spray drying methods [15-19].
However, in addition to being lengthy procedures, these methods often suffer from low drug
encapsulation efficiency [19,20]. The encapsulation of 1Q-1 is also complicated by its poor
solubility in most organic solvents and its tendency to crystallize. To address these issues, a
promising approach to manufacture the desired drug delivery system is electrospray (ES).
Over the past decade, ES has proven itself as a versatile method for the synthesis of polymer
particles with tight control over particles size, high encapsulation efficiency, minimal
agglomeration, and the desired release profile [21-23]. One of the most widely used
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polymers in drug delivery is poly(lactic-co-glycolic) acid (PLGA) due to its
biocompatibility, injectability, ease of formulation, and the potential for controlled
degradation rate [24—-26]. We discovered that a sufficient amount of 1Q-1 could be dissolved
together with PLGA in dimethylformamide (DMF). Therefore, ES is a feasible method for
creating PLGA/IQ-1 carriers.

Herein, we aimed to design and produce PLGA particles doped with 1Q-1 using ES and to
study their anti-inflammatory effects /n vitro.

2. Materials and methods

2.1. Fabrication of polymer microparticles

Poly(lactic-co-glycolic acid)-based microparticles were manufactured by ES using NANON-
NF 101 (MECC Co., Japan) equipment with the following technological parameters: 27G
syringe tip, distance between the collector and the needle of 150 + 5 mm, flow rate of the
polymer solution of 0.50 £+ 0.05 mL/h, and voltage of 27 + 3 kV. Unloaded PLGA particles
were produced from 10 wt% DMF solution of poly(lactic-co-glycolic acid) (PLGA,
lactide:glycolide = 50:50; M,,,= 45000 g/mol, Sigma-Aldrich). 11A4-indeno[1,2-
blquinoxalin-11-one oxime (1Q-1) was synthesized, as previously described [13,14]. To
obtain 1Q-1-loaded microparticles, DMF solutions containing 10 wt% of PLGA and 5, 10, or
20% of 1Q-1 were prepared. One wt.% water solution of polyvinyl alcohol (PVA, M,, =
89000-98000 g/mol, Sigma-Aldrich) was used as particle stabilizer. The resulting
microparticles were harvested and cleaned by centrifuging and washing 3 times with
distilled water. Finally, particles were dried until constant weight and stored under ambient
temperature. Theoretical drug loading of 1Q-1 was determined as follows:

Weight of 1Q1

Weight of PLGA  100% @

Theoretical drug loading =

2.2. Scanning electron microscopy

Investigation of the morphology of formed particles was conducted by scanning electron
microscopy (SEM) using a Vega 3 SBH electron microscope (TESCAN, Czech Republic).
The surface of PLGA microparticles was coated with a thin gold layer using a magnetron
sputtering system SC7640 (Quorum Technologies Ltd, UK). The large (dmax) and small
(dmin) particle diameters were determined using ImageJ software (National Institutes of
Health, USA) for 10 digital images with x 10000 magnification. The aspect ratio (AR) was
calculated in accordance with ASTM F1877-16 [27] recommendations using the equation

(2):

@

Average diameter of the PLGA particles was calculated from = 300 measurements.
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2.3. Encapsulation efficiency

To measure the amount of incorporated 1Q-1, 3.5 mg of microparticles were immersed into 4
mL of dimethyl sulfoxide (DMSO) and kept for 24 h. The concentration of released 1Q-1
was evaluated using a UV-Visible spectrophotometer (Thermo Scientific Evolution 600,
England) by monitoring the absorbance at wavelength of 288 nm. Non-loaded PLGA
particles were used as reference. The calibration curve for the compound was previously
traced using the absorption maximum from its spectrum at 288 nm. The practical drug
loading of 1Q-1 and encapsulated efficiency (EE) were calculated as follows:

Amount of released IQ1

Practical drug loading = Amouniof PLGA 100 % (3)
_Amount of released I1Q1
EE = Amount of loaded IQT 100% @

where the amount of PLGA and loaded 1Q-1 were calculated considering the weight of the
samples (3.5 mg) and the theoretical drug loading of 1Q-1 (5, 10, or 20%). Three
independent experiments were performed, with each experiment containing 3 replicates.

2.4. 1Q-1 release kinetics

Fifteen mg of dried PLGA particles were resuspended in 7 mL of phosphate buffered saline
(PBS, pH 7.4) and maintained at 37 °C for 90 days. The amount of compound released into
the medium was determined using a UV-Visible spectrophotometer (Thermo Scientific
Evolution 600, England) at appropriate time intervals. At each time, the experimental
solution was centrifuged at 5000 rpm for 5 min, and an aliquot of 2 mL was collected from
the supernatant. An equal volume of fresh PBS was added back to the experimental solution
after each removal to maintain a constant amount of solvent. A standard calibration curve
was previously traced using the absorption maximum from the 1Q-1 spectrum at 288 nm.
Non-loaded PLGA particles were used as reference.

The percentage of the released 1Q-1 was calculated as follows:

Amount of released 1Q1
EE - Amount of loaded IQ1

Release percentage = -100 % (5)

where the amount of loaded 1Q-1 was calculated considering the weight of the samples (15
mg) and theoretical drug loading of 1Q-1 (5, 10 or 20%).

To evaluate the 1Q-1 release mechanism, several kinetic models were applied, i.e. zero-order
kinetics, first-order kinetics, Higuchi model, and Ritger—Peppas model. The working kinetic
models are described by the following equations [28]:

* Zero-order Kinetics:
S = kot (6)

* First-order kinetics:
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f=1=¢" )
* Higuchi model:
f=kyt®? ®
* Ritger—Peppas model:
f=ky-t" )

where fis the percentage of cumulative compound release at time (9); kg, k7, k1, and kj are
the constants of the respective kinetic models; and 77 is the exponent from the Ritger—Peppas
model.

According to the kinetic models, the release data were plotted as cumulative percentage of
drug released vs. time (zero-order kinetics); natural log cumulative percentage of drug
remaining vs. time (first-order kinetics); cumulative percentage drug released vs. square root
of time (Higuchi model); and natural log cumulative percentage drug released vs. natural log
time (Ritger-Peppas model) [29]. The presented correlation coefficient (R2) values were
calculated from the linear regression of the aforementioned plots. Three independent
experiments were performed, with each experiment containing 3 replicates.

2.5. Thermal analysis

Thermal analysis was carried out using a simultaneous differential scanning calorimetry/
thermogravimetric analysis (DSC/TGA) instrument SDT-Q600 (TA Instruments, Delaware,
USA). The DSC/TGA runs were made in dynamic air atmosphere (100 mL/min) using
aluminum pans, a heating rate of 10 °C/min, and a temperature range of 25-450 °C. A
typical sample weight was 10 mg. Three independent experiments were performed, with
each experiment containing 3 replicates.

2.6. X-ray diffraction

Crystallinity of the 1Q-1 powder and polymer particles was investigated by X-ray diffraction
analysis (XRD) using a Shimadzu X-ray diffractometer 6000 (Shimadzu, Japan).
Measurements were conducted in the range of angles 260 — 90°, shooting speed of 2° per
min, and step of 0.02°. A standard Cu X-ray tube was used for the measurements. Three
independent experiments were performed, with each experiment containing 2 replicates.

2.7. Biological studies

To conduct biological studies, powdered particles doped with different amount of 1Q-1 were
resuspended in PBS at a concentration of 1 mg/mL, aliquoted, and stored at =20 °C.

2.8. lIsolation of human neutrophils

Neutrophils were isolated from human blood using sequential dextran sedimentation,
differential density sedimentation in a Histopaque 1077 gradient and hypotonic lysis of red
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blood cells, as described previously [30]. Blood was collected from the healthy donors
according to a protocol approved by the Institutional Review Board at Montana State
University. Cell preparations were routinely > 95% pure, as determined by light microscopy,
and > 98% viable, as determined by trypan blue exclusion. Purified neutrophils were
resuspended at 107 cells/mL in HBSS without Ca2* and Mg2* (HBSS™).

2.9. Reactive oxygen species (ROS) detection

The level of ROS production was monitored using a cytochrome C reduction assay. Prior to
the cell addition, particles were aliquoted from the stock suspension into the wells of a 96-
well plate over the dilution range of 0-500 pg/mL, and cytochrome C (from bovine heart,
Sigma-Aldrich) was added to each well at a concentration of 1 mg/mL. Freshly isolated
human neutrophils were resuspended at 107 cells/mL in HBSS containing Ca?* and Mg2*
(HBSS*) and aliquoted at 5 x 10° cells/well. Total volume of the media in each well was 200
UL. Neutrophils incubated without particles were used as a negative control. Neutrophils
incubated without particles and stimulated with 100 nM phorbol 12-myristate 13-acetate
(PMA) were used as positive control. The absorbance at 550 nm indicating cytochrome C
reduction was monitored over 2 h with a 1-min interval at 37 °C using a SpectraMax® Plus
384 microplate reader. The amount of ROS production was calculated from the absorbance
reading using the molecular extinction coefficient for cytochrome C (28000 M~1cm™1). The
data are presented as mean + SD of duplicate samples. A representative experiment from
three independent experiments is shown.

2.10. MonoMac-6 cell culture

Human monocyte-macrophage MonoMac-6 cells (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) were grown in RPMI
1640 medium supplemented with 10% (v/v) fetal bovine serum, 10 mg/mL bovine insulin,
100 mg/mL streptomycin, and 100 U/mL penicillin. Cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO».

2.11. Cell viability assay

Cytotoxicity of the particles towards MonoMac-6 cells was analyzed with a CellTiter-Glo
Luminescent Cell Viability Assay Kit from Promega (Madison, WI, USA), according to the
manufacturer’s instructions. Prior to cell addition, particles were aliquoted from the stock
suspension into the wells of a 96-well plate over the dilution range of 0-500 pg/mL.
MonoMac-6 cells were aliquoted at 1.5 x 10° cells/well and cultured for 24 h. MonoMac-6
cells incubated without particles were used as a control. After 24 h, the cells were allowed to
equilibrate to room temperature for 30 min, substrate was added, and the samples were
analyzed with a Fluoroscan Ascent FL (Thermo Fisher Scientific, Waltham, MA, USA). The
viability was calculated in percentage relative to control. The data is presented as mean + SD
of 2 repeats from one experiment. A representative experiment from three independent
experiments is shown.
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2.12. Analysis of cytokine secretion

The effect of particles on interleukin 6 (IL-6) production by MonoMac-6 cells was evaluated
using a human IL-6 ELISA kit (BD Biosciences, San Jose, CA, USA). Prior to cell addition,
particles were aliquoted from the stock suspension into the wells of a 96-well plate over the
dilution range of 0-500 pg/mL. MonoMac-6 cells were aliquoted at 1.5 x 10° cells/well and
cultured for 24 h. Alternatively, MonoMac-6 cells were pre-incubated with particles for 30
min, followed by the addition of 200 ng/mL lipopolysaccharide (LPS) for 24 h. MonoMac-6
cells incubated without particles were used as a control. IL-6 concentration in pg/mL was
compared was with positive control samples (LPS) and negative control samples
(MonoMac-6 cells without LPS). The data are presented as mean + SD of 2 repeats from one
experiment. A representative experiment from three independent experiments is shown.

2.13. Statistical analysis

All data were analyzed using one-way ANOVA with Tukey’s correction in GraphPad Prism
8 software. Differences were considered statistically significant at p < 0.05.

3. Results and discussion

Polymeric particles represent promising drug delivery system due to their ability to circulate
inside the body and reach local target sites [31]. Polymer selection is an important part of the
particle design, as polymer properties influence toxicity, pharmacokinetics, and
biocompatibility of the drug delivery system [32]. For example, PLGA has attracted
considerable attention in the field of drug delivery due to its biocompatibility, injectability,
manufacturability, and controlled degradation rate [24—26]. Herein, we manufactured and
evaluated PLGA particles doped with the JNK inhibitor 1Q-1 as a promising drug delivery
system that could be developed for the treatment of cytokine/JNK-driven diseases, such as
RA or cerebral ischemia.

Given the poor solubility of 1Q-1 in most organic solvents and water, the first objective was
to determine the optimal technological parameters for PLGA particle production by
electrospray. Physico-chemical and technological parameters, such as liquid flow rate,
electrical conductivity, viscosity of the solvent, voltage, distance to collector, needle gauge,
polymer and drug concentration, can influence particle size and distribution [22,33,34].

The parameters of particles doped with different concentrations of 1Q-1 are presented in
Table 1. The abbreviations used in Table 1 are used throughout the manuscript in reference
to the different sample groups. Representative SEM images and diameter distribution of
PLGA/IQ-1 particles are shown in Fig. 2. The majority of the particles had a round shape,
which is supported by aspect ratio values close to 1 (Table 1). The surface of the particles
was smooth without visible pores, which could be explained by the influence of solvent
evaporation rate. It is known, that the use of solvents with high boiling points allows one to
decrease evaporation rate and obtain a dense surface with low porosity [35].

One of the key factors in design of particles is particle size, as this parameter can affect
encapsulation efficiency, product injectability, drug release rate, and side-effect profiles
[36,37]. The mean diameters of the microparticles shown in Table 1 demonstrate that the rise
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of 1Q-1 concentration reduced the mean particle size. This could be caused by the influence
of the spinning solution parameters. Apparently, the addition of 1Q-1 to the spinning solution
resulted in a rise of electrical conductivity and decrease of solution viscosity. These changes
led to a decrease in the particle diameters [38-40].

High encapsulation efficiency of the drug is preferable for its optimal usage since it allows
reduction of the concentration of particles required to achieve a particular effective dose.
The practical drug loading and encapsulation efficiency are presented in Table 1 as mean +
SD based on three independent measurements. It is evident that the encapsulation efficiency
increased with the increase in theoretical drug loading, which could be caused by compound
saturation effects of the outer aqueous phase during particle formation [41].

The degree of crystallinity of compound and polymer, compound distribution, and polymer-
compound interaction are important factors influencing release pattern. Such characteristics
can be assessed with XRD and DSC/TGA measurements [22]. XRD measurements were
employed to examine 1Q-1 distribution in the polymer matrix of the microparticles [42,43].
Several well-defined peaks in the XRD pattern of 1Q-1 powder (Fig. 3) indicated that 1Q-1
powder is highly crystalline [43,44], whereas the PLGA particles are amorphous. The
process of fast evaporation of the organic solvent during electrospraying and subsequent
particle formation prevents crystallization of the polymer due to reduced time for polymer
reorganization [45]. We found that the X-ray diffraction patterns of PLGA/IQ-1 micro
particles were similar to pure PLGA micro particles. There were no significant changes
observed in X-ray diffraction pattern of PLGA 5 particles. This might be due to the
presence of extremely small 1Q-1 crystals, which could not be detected by XRD or
compound being dissolved in the polymeric matrix [41,43]. However, a small reflex in the
20 range of 10.7-12.8° and a small reflex in the 20 range of 10.7-12.8° and 23.8-24.6°
related to crystalline 1Q-1 could be observed in the X-ray diffraction pattern of particles
PLGA_10 and PLGA_20, respectively.

Complementary to XRD, the DSC/TGA data allow elucidating the physical state of 1Q-1 in
the PLGA matrix, as well as the interaction and thermal transitions of the compounds
[22,43,46,47].

DSC and TGA thermograms of pure 1Q-1 powder and PLGA microparticles are presented at
Fig. 4A and Fig. 4B, respectively. The DSC thermogram of pure 1Q-1 showed a slight
endothermic peak at 43 °C, occurring apparently due to crystallization and desolvation. Two
peaks observed at 275 °C and 281 °C could be attributed to 1Q-1 melting followed by
thermal decomposition [48] (Fig. 4A). The presence of a melting peak indicates a crystalline
state of 1Q-1 in powder. TGA curves of pure 1Q-1 showed the weight loss started at about
254 °C and achieved 26.5% at 450 °C (Fig. 4B).

The DSC curve of PLGA_0 microparticles showed an endothermic peak at 52 °C
corresponding to PLGA glass transition temperature [49] (Fig. 4A). No peak attributed to
the PLGA melting was observed, indicating the amorphous state of the polymer. This
finding is coherent with the XRD results (Fig. 3). Two peaks at 359 °C and 384 °C can be
attributed to PLGA thermal degradation that is supported by the weight loss of 90.2% in the
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range of 296-450 °C. Below the indicated temperature range PLGA_0 microparticles were
thermally stable (Fig. 4B).

For the microparticles doped with 1Q-1, the correlation between the depression of
degradation temperature or weight loss and the rise of encapsulated 1Q-1 amount from
PLGA _0to PLGA_20 could be observed. Thus, according to the TGA results, an increase of
the compound loading from 0% to 20% lead to a decrease in the weight loss from about 90%
to 80% (Fig. 4B). Thermal degradation temperature of PLGA was lowered from 384 °C to
372,369 and 361 °C for PLGA_5, PLGA_10 and PLGA_20 samples, respectively (Fig. 4A).
The depression of thermal degradation temperature could be caused by both 1Q-1 acting as
an additive and the decrease of a particle diameter (Table 1). It was shown that
microparticles with a lower diameter tend to degrade easier due to a larger area [50]. The
melting peaks of 1Q-1 were not observed in the thermograms of 1Q-1-doped microparticles
(Fig. 4A). It can be explained by either an amorphous state of the compound-polymer
composite or by the integration of 1Q-1 into the polymer matrix. The latter is supported by
the absence of PLGA glass transition peak in the thermograms of 1Q-1 -doped particles.
Additionally, it is known that better encapsulated systems have an obscure melting peak of
the drug [22,51]. The appearance of exothermic peaks in the range of 220-250 °C for
PLGA_10 and PLGA 20 (Fig. 4A) exhibited the complicated interactions between 1Q-1 and
PLGA matrix under high temperatures. The explanation of such effect requires further
studies.

Fig. 5 shows the 1Q-1 release profile for the PLGA particles over 90 days. After 90 days, the
cumulative compound release approached 100%, 38%, 15% for PLGA 5, PLGA 10, and
PLGA_20, respectively. As 1Q-1 concentration increased, the amount of released compound
was dramatically reduced. This can be explained by 1Q-1 hydrophobicity [13], as
hydrophobic drugs loaded into particles are known to release slower at higher drug
concentrations [52].

Drug release from polymer particles occurs by several mechanisms, including desorption of
the surface-bound/adsorbed drug, diffusion through the polymer, and polymer surface
erosion [53-55]. The release profile of 1Q-1 from PLGA particles can be described as a
biphasic process. All samples showed a burst release within the first hour (Fig. 5, Inset),
followed by an approximately first-order sustained release.

The rapid initial release was mainly attributed to compound weakly bound or adsorbed to the
large surface of the particles [53]. The second phase (steady release) is related to diffusion
and hydrolysis [56]. Due to the fastest degradation rate for PLGA (50:50) of 1-2 months in
aqueous conditions [25,26,56], the drug release from PLGA micro- and nano-systems
should have a third phase caused by bulk erosion, which results in rapid release in a later
stage [56]. However, rapid release in the later stage was not observed, apparently, due to the
poor compound solubility in water. Hence, the results indicated that 1Q-1 release from
PLGA particles was defined by the diffusion stage and showed mainly a prolonged effect.

Commonly used kinetic models (zero-order kinetics, first-order kinetics, and the Higuchi
and Ritger—Peppas models) were applied to describe the dependence of release in function

Eur Polym J. Author manuscript; available in PMC 2021 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kibler et al.

Page 10

of time. The Ritger—Peppas model was applied to determine the 1Q-1 release mechanism.
The calculated release exponent (n) for PLGA_5, PLGA_10, and PLGA_20 was > 0.43
(Table 2), indicating a non-Fickian release mechanism that was controlled by diffusion and
swelling [57]. Among the applied kinetic models (zero-order, first-order, Higuchi and
Ritger—Peppas models) Higuchi model best described the release data for PLGA 5 as this
model showed the highest R? value compared to the zero-order and first-order models (Table
2). In the case of PLGA_10 and PLGA_20 first-order kinetic model best described the
dependence of release in function of time. So, in the case of low drug loading the release
was mainly controlled by the 1Q-1 diffusion process [28], but with the increase of drug
loading and appearance of crystalline 1Q-1 in the PLGA matrix the release rate was
influenced by the adsorption and elimination of drug [28].

We next evaluated the biological properties of our particles fabricated using the parameters
described above. Neutrophils are among the key cells involved in the innate immune
response [58] and play an important role in pathogenesis of RA, as they secrete cytokines
and chemokines that mediate inflammation and cell migration, produce reactive oxygen
species (ROS) and release neutrophil extracellular traps [59,60]. In a mouse arthritis model,
it was shown that neutrophil depletion inhibited arthritis development and reduced
inflammation and bone damage [61]. Therefore, in order to study anti-inflammatory effects
of the manufactured particles doped with 1Q-1, we isolated human neutrophils and cultured
them in the presence of polymer carriers. ROS production was measured to assess neutrophil
activation.

The results showed that PLGA microparticles activated neutrophil ROS production in a
dose-dependent manner (Fig. 6A). Previously, it was found that the uptake of PLGA
particles by ex vivo neutrophils is size-dependent: microparticles (> 1 um) are taken up
better than nanoparticles [62]. Additionally, it has been shown that there is a correlation
between particles internalization and ROS production by neutrophils [63]. Therefore, given
the size of the manufactured particles, we can assume that at high concentrations, more
particles are rapidly internalized, leading to neutrophil activation and elevated ROS
production. However, regardless of the concentration added, neutrophil activation by PLGA
particles was still much less than that induced by PMA (Fig. 6B).

ROS production in response to PLGA particles containing 1Q-1 was significantly decreased
compared to bare PLGA (Fig. 6), and ROS production decreased with increasing
concentrations of 1Q-1 embedded into the particles. Indeed, PLGA particles containing the
highest amount of 1Q-1 (PLGA_20) completely inhibited ROS over all particles
concentrations evaluated (Fig. 6A). The observed effects are consistent with our previous
studies, where we found that 1Q-1 inhibited ROS production by human neutrophils
stimulated with polymer biomaterials [64].

Another key cells that play a pivotal role in cytokine/INK-driven diseases development are
macrophages/monocytes [65,66]. They have been shown to infiltrate synovial membranes
and upon activation secrete pro-inflammatory cytokines, chemokines, and
metalloproteinases, which contribute to inflammation and joint destruction [67]. To study
the effect of the manufactured particles on macrophage/monocyte pro-inflammatory
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responses, we evaluated the influence of PLGA/IQ-1 on LPS-induced IL-6 secretion by
human monocytic MonoMac-6 cells.

As shown in Fig. 7, PLGA microparticles induced elevated IL-6 secretion by non-stimulated
MonoMac-6 cells in a concentration-dependent manner (Fig. 7A), whereas PLGA
microparticles doped with 1Q-1 did not stimulate IL-6 production over all concentrations
tested (Fig. 7A). PLGA microparticles did not elicit elevated IL-6 secretion by LPS-
stimulated MonoMac-6 cells, while PLGA microparticles containing 1Q-1 inhibited IL-6
production (Fig. 7B). This effect was concentration dependent, as higher concentrations of
encapsulated 1Q-1 led to lower levels of IL-6 secretion. Similarly, as more particles were
added, less I1L-6 production was observed (Fig. 7B). These results are supported by our
previous studies showing that 1Q-1 suppressed LPS-induced IL-6 secretion by MonoMac-6
cells with an I1Csq value of 3.8 £ 0.8 uM [13].

To confirm that the observed results were not due to the particle toxicity, cytotoxicity of the
PLGA_0 and PLGA/IQ-1 particles towards MonoMac-6 was assessed (Fig. 8). Notably, the
particles did not affect cell viability, indicating that they were not cytotoxic during the assay
incubation period.

Therefore, PLGA particles doped with 1Q-1 (20%) inhibited neutrophil activation and pro-
inflammatory cytokine secretion by human monocytic MonoMac-6 cells and exhibited
overall anti-inflammatory potential.

4. Conclusions

Herein, we fabricated PLGA microparticles doped with novel JNK inhibitor 1Q-1 as a
promising drug delivery system for development in cytokine/JNK-driven disease treatment.
Optimized electrospray parameters allowed us to produce 1Q-1-doped microparticles with a
round shape, a smooth, non-porous surface, and a mean diameter in the range of 0.9-1.3 um.
Our results indicate that 1Q-1 was well integrated into the PLGA matrix and tended toward a
prolonged release through non-Fickian mechanism controlled by diffusion and swelling.
Notably, the fabricated PLGA microparticles doped with 1Q-1 inhibited neutrophil activation
and pro-inflammatory cytokine secretion by human monocytic MonoMac-6 cells, which is
important since phagocytes play a pivotal role in inflammation development. Notably, the
investigated particles did not affect cell viability and were not cytotoxic during the assay
incubation period. Future research is required in order to investigate the /n vivo potential of
these PLGA microparticles doped with 1Q-1.
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Fig. 1.
Chemical structures of novel c-Jun N-terminal kinase inhibitors: 11 /4-indeno[1,2-

blquinoxalin-11-one oxime sodium salt (1Q-1S) and 11 A-indeno [1,2-f]quinoxalin-11-one
oxime (1Q-1).
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Fig. 2.
Scanning electron microscopy images of the particles and particle diameter distribution.

Panel A: SEM images of the particles PLGA_0; Panel B: SEM images of the particles
PLGA_5; Panel C: SEM images of the particles PLGA_10; Panel D: SEM images of the
particles PLGA_20.
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XRD results of powdered 1Q-1 and PLGA microparticles. Measurements were conducted in
the range of angles 260 — 90°, shooting speed of 2° per min, and step of 0.02°.
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Thermal analysis of powdered 1Q-1 and PLGA microparticles: A) DSC results; B) TGA
curves. The experiment was performed under dynamic air atmosphere 100 mL per min,
heating rate of 10 °C per min, and a temperature range from 25 °C to 450 °C.
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Fig. 5.
Drug release profiles of 1Q-1 from PLGA particles. Fabricated particles doped with the 1Q-1

were incubated in PBS at 37 °C for 90 days, and the amount of compound released into the
medium was determined spectrophotometrically. Non-loaded PLGA particles were used as a
reference. The data are presented as mean + SD of 3 replicates from one experiment, and a
representative experiment from three independent experiments is shown. The drug release
profiles of PLGA_5, PLGA_10 and PLGA_20 are significantly different from each other (p
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< 0.0001 compared to PLGA 5 (a), to PLGA 10 (b), and to PLGA 20 (c); one-way
ANOVA with Tukey’s correction).
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Fig. 6.

Effects of PLGA_0 and PLGA/IQ-1 particles on ROS production by human neutrophils: A)
dose response study; B) ROS production in response to particles added at 250 pg/mL. ROS
production was monitored over 2 h using the cytochrome Creduction assay. The amount of
cytochrome Creduced over 2 h is shown. Neutrophils incubated without particles were used
as negative control. Neutrophils incubated without particles and stimulated with 100 nM
PMA were used as positive control. The data are presented as mean + SD of 2 replicates
from one experiment, and a representative experiment from three independent experiments is
shown. Significant differences compared to the medium negative control (a), PMA positive
control (b), PLGA _0 (c), PLGA_5 (d), PLGA_10 (e), and PLGA 20 (f) are indicated (p <
0.0001; one-way ANOVA with Tukey’s correction).
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Fig. 7.

Efgfects of PLGA_0 and PLGA/IQ-1 particles on IL-6 secretion by MonoMac-6 cells: A)
PLGA_0 and PLGA/IQ-1 particles incubated with particles for 24 h without stimulation; B)
PLGA_0 and PLGA/IQ-1 particles were pre-incubated with MonoMac-6 cells for 30 min,
followed by the addition of 200 ng/mL LPS. IL-6 secretion was measured by ELISA in the
cell supernatants after a 24-h incubation. The data are presented as mean + SD of 2
replicates from one experiment, and a representative experiment from three independent
experiments is shown. Significant differences compared to the medium negative control (a),
LPS positive control (b), PLGA_0 (c), PLGA 5 (d), PLGA_10 (e), and PLGA 20 (f) are
indicated (p < 0.0001; one-way ANOVA with Tukey’s correction).
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Fig. 8.

Ti?e effect of PLGA 0 and PLGA/IQ-1 particles on MonoMac-6 cell viability: A) PLGA 0
and PLGA/IQ-1 particles incubated with particles for 24 h without stimulation; B) PLGA_0
and PLGA/IQ-1 particles were pre-incubated with MonoMac-6 cells for 30 min, followed by
the addition of 200 ng/mL LPS. Cell viability was analyzed using a CellTiter-Glo®
Luminescent Cell Viability Assay. The data are presented as mean + SD of 2 replicates from
one experiment, and a representative experiment from three independent experiments is
shown. The differences between biomaterials are insignificant (one-way ANOVA with
Tukey’s correction).
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Table 2

Regression coefficients values for the kinetic models.

Mathematical model Zero-order  First-order  Higuchi Ritger-Peppas
Equation [28] f=kt f=1-eht  f=kyPS f=k;l"
PLGA_5 0.9454 0.8596 0.9463 0.9455 (n=0.54)
PLGA_10 0.9567 0.9722 0.9423 0.9715 (n=0.74)
PLGA_20 0.9637 0.9698 0.9422 0.9465 (n=0.62)
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